Effects of variability of local winds on cross ventilation for a simplified building within a full-scale asymmetric array: Overview of the Silsoe field campaign
Introduction
A building with insufficient ventilation may experience excessive condensation, overheating and a build-up of pollutants (Hens et al., 1996) , affecting occupant health and comfort. Occupants report a somewhat higher degree of satisfaction with the indoor environment when naturally ventilated, despite higher temperatures and the possibility of higher levels of CO 2 compared to mechanically ventilated buildings (Hummelgaard et al., 2007) . As natural ventilation uses wind pressure and buoyancy to replace internal air with external air to maintain indoor air quality and thermal comfort (Short et al., 2004) it is considered an environmentally sustainable ventilation method (Allocca et al., 2003) .
Natural ventilation is difficult to predict within an urban area due to variations in building form, orientation, local meteorological conditions and complex urban structures. The urban environment creates challenges for the application of natural ventilation within it: lower wind speeds, variable wind directions, elevated noise and pollution levels and higher temperatures due to the urban heat island effect. Yuan and Ng (2012) and Cheng et al. (2012) highlighted that the increased urbanisation in Hong Kong has led to wind stagnation and blockage. Changes in local wind direction due to the influence of buildings have added more difficulty in predicting ventilation rate of buildings (Jiang and Chen, 2002) . Reductions in natural ventilation rates between an isolated building and an urban area can vary between 33% (CIBSE, Chartered Institute for Building Service Engineers, 2006) and 96% (van Hooff and Blocken, 2010) . The potential for daytime natural ventilation is reduced within an urban canyon (Santamouris et al., 2001) . Their conclusions are drawn from simulations informed by measurements of 10 canyons in Athens with both single sided and cross ventilated buildings (window 1.5 Â 1.5 m). Airflow was reduced up to 5 (single-sided) and 10 (cross-ventilation) times, due to changes in wind direction and wind speed within the canyon (Santamouris et al., 2001) .
For investigation, the complexity and individuality of urban environments is often simplified either in street layout or building form, removing details such as the presence of small architectural features, foliage and structures (e.g. bridges, street furniture). Urban areas are often treated as arrays of rectangular buildings described by morphological parameters, including building size and spacing (Kanda, 2007; Barlow and Coceal, 2009 ). These simplifications make basic flow mechanisms more obvious and are often used to parameterize urban boundary layer processes in numerical weather prediction models . For example, flow at street intersections is highly dependent on the surrounding morphology (Dobre et al., 2005) .
Often cuboid scale models are used to represent buildings in the wind tunnel (Cheng et al., 2007; Zaki et al., 2010; Hall and Spanton, 2012) ; the field, such as the array of 512 1.5 m cubes (Comprehensive outdoor scale model, COSMO, Inagaki and Kanda, 2010) and the UMIST Environmental Technology centre test site, 1:10 scale cube array (Macdonald et al., 1998) ; and in computational fluid dynamics (CFD) modelling (Coceal et al., 2007) . Some sites are studied using more than one approach; for example, the COSMO site has been investigated in the wind tunnel (Sato et al., 2010) and using CFD (Inagaki et al., 2012) , and similarly the Mock Urban Setting Test (MUST) (Gailis and Hill, 2006) and UMIST (Macdonald et al., 1998) sites. In the real-world array studies (e.g. COSMO, MUST, UMIST) a focus was having true external flow conditions. However, in none of these were there measurements of ventilation rates of the buildings or a combined focus of internal and external flow conditions. Full-scale measurements capture the variability of a site's atmospheric conditions (stability, turbulence, wind direction, wind speeds, temperature), but at the expense of experimental repeatability. All scales of turbulence are captured, some of which may not be accurately modelled by wind tunnel and CFD models (Richards and Hoxey, 2007) . Full-scale ventilation studies of specific building types include work in hospitals (Gilkeson et al., 2013) , schools (Bak o-Bir o and Clements-Croome, 2012) and supermarkets (Kolokotroni et al., 2015) are often limited by flow characterisation. In the wind tunnel, flows must have physically realistic boundary layer velocity profiles and turbulence characteristics as these influence the flow patterns around the building model. Full-scale measurements of wind characteristics around a building array to which wind tunnel or modelling work can be compared are very rare (Richards and Hoxey, 2007) .
Internal building flows depend, in part, on the external flows. The relation between external and internal flow is a growing area of research, with little known about buildings experiencing highly turbulent urban flows. This is relevant to how to design appropriate ventilation strategies (Liddament, 1996) which is frustrated in part due to the small amount of full-scale building data available (Blocken, 2014) . However, some studies have compared coupled internal and external flow measurements with scale models (e.g. Karava et al., 2011) and CFD (e.g. King et al., 2017) .
The specific focus of this paper is testing the impact of the array on the i) relation between local and reference wind speeds as modified by wind direction and ii) cross ventilation rates. The CIBSE recommendations are assessed. This paper presents an overview of the full-scale measurements undertaken within RCC -REFRESH cube campaign. The RCC is the first to explore flow characteristics and ventilation, in and around, a full-scale building surrounded by a limited array of cubes.
Methodology
The full-scale field campaign RCC -REFRESH cube campaign involved extensive data collection (Gough, 2017) . In this study of natural ventilation, both the urban environment and the low-rise building investigated are simplified. The building, a 6 m Â 6 m x 6 m metal cube Hoxey, 2002, 2008) , was located in rural Silsoe, UK. Previously, it has been used to explore surface pressure trends (Richards et al., 2001; Hoxey, 2012, 2012a) and ventilation Yang et al., 2006) amongst other topics. Thus, the site is well-characterised. Additionally, it has been modelled in the wind tunnel (Richards and Hoxey, 2007) and by CFD (Yang et al., 2006) .
The cube's removable panels (0.4 m wide and 1 m high, centre point 3.5 m) permit it to be sealed or single sided or cross ventilated . In this study it is reduced from 1 m 2 to lower flow rates. The cube faced into the prevailing wind direction (approximately 240 ), hereafter this is referred to as 0 , with clockwise angles being positive and anticlockwise angles being negative ( Fig. 1 ). Therefore, 0 denotes flow perpendicular to the front opening of the cube (Front or West face: Fig. 2 ) with AE90 being parallel to the openings.
Although no topographic features were close enough to the site to have an effect, the surroundings were not uniform. The site had a road to the east and agricultural fields with crop stumps (~0.1 m high) to the west. There is good exposure to winds from South-West (À15 ) to East (180 ) with a surface roughness length of 0.006-0.01 m (Richards and Hoxey, 2012) . Local structures include two storage tanks (~2 m high and 4 m wide, black triangle, Fig. 1 ) and a storage shed (15 m wide and 25 m long with a sloping roof, black diamond, Fig. 1 ) with roughly the same height as the instrumented cube.
The urban environment for RCC was created from eight straw cubes (equivalent dimensions to the metal cube) arranged in a staggered asymmetrical pattern around the metal cube. With a total area of 1260 m 2 , this leads to a plan area density (building: total surface area, λ p ) of 25.7% (Fig. 1 ). Straw was chosen as it could withstand prolonged exposure to strong winds and met the site owner's specified constraints. Although the sides and tops of the cubes were not completely smooth at this high Reynolds number, the form drag of the cube is assumed to dominate the flow and pressure patterns rather than the viscous drag of the cubes.
RCC observations were undertaken in two spatial arrangements: the array ( Fig. 1 ) was in place October 2014 to April 2015, and the cube was isolated from May 2015 to July 2015. All instruments had the same setup for whole period to allow for clear comparisons. All data reported here are averaged over 30 min periods (unless otherwise stated) so it would capture all significant contributions to flow variability due to atmospheric boundary layer turbulence (Kaimal and Finnigan, 1993) .
Instrumentation
During the full-scale RCC observations, seven 3-axis Gill R3-50 sonic anemometers, measuring three-component wind velocity and direction, were deployed: two within the cube itself and five outside (Fig. 1 ). The two sonic anemometers closest to the instrumented cube (Front and Back, Fig. 1 ) and two internal sonic anemometers were mounted on masts, with the centre of the sonic anemometer at 3.5 m above ground level (in line with the opening centre). All sonic anemometers were positioned at the same height to study flow into and out of the cube. The Channel mast ( Fig. 1 ) sonic anemometer was at 2.9 m (maximum height for the equipment) and logged at 20 Hz. All others were logged simultaneously at 10 Hz to a MOXA UC 7410 Plus fan-less compact computer. Post processing of the data followed the methodology of Barlow et al. (2014) and Wood et al. (2010) . The sonic anemometers were inter-compared before and after the experiment. As no drift and minimal differences were observed, no inter-instrument corrections are made.
The cube surface pressure was measured using pressure taps: 7 mm holes located centrally on 0.6 m 2 steel panels, which were mounted flush onto the cube cladding to minimise their effect on the pressures measured ( Fig. 2) . Pressure signals were transmitted pneumatically, using 6 mm internal diameter plastic tubes to transducers within the cube. The individual transducers meant that the pressure tap measurements were simultaneous at 10 Hz. The pressure differential sensors for pressure taps 1-16 ( Fig. 2) were Honeywell 163PC01D75 differential pressure sensors with a range of À2.5-2.5 inches of H 2 O (~-498-498 Pa). Pressure taps 17-32 ( Fig. 2) were Honeywell 163PC01D76 differential pressure sensors with a range of À5 to 5 inches of H 2 O (~-1245-1245 Pa). All pressure sensors had a manufacturer stated response time of 1 ms. 30 external pressure taps and 2 internal pressure taps were used. The internal pressure measurements were located under the openings in the same position as used in Straw (2000) as internal pressures may vary over time. The 30 external pressure taps used were split across the four faces, four on the roof, four in a horizontal array on the centre line across the North and South faces and nine on the front and back faces, with five of those in a vertical array down the centre and four in a horizontal array at half building height (Fig. 2) . The taps on the North and South faces are not centred due to pre-existing tapping points being used and the limited reach of the pipes.
A reference pressure was measured using a static pressure probe (in house, Richards and Hoxey, 2012) , with a reference dynamic pressure measured using a directional pitot tube (in house) at 6 m (building height) alongside the 6 m reference sonic anemometer ( Fig. 1) .
On the channel mast ( Fig. 1 ), external temperature, atmospheric pressure and rainfall were measured by a Vaisala WXT520 weather station, a Kipp and Zonen CNR4 net radiometer measured the four components of radiation (data used to indicate day/night periods) and an open path LI-COR LI-7500 CO 2 and H 2 O gas analyser provided CO 2 and H 2 O concentrations at station pressure.
Cross ventilation rate
The surface pressure measurements were undertaken continuously, providing a large dataset with visible trends. The ventilation rate (Q) derived from the measured façade wind pressure difference was calculated using the standard orifice equation:
where Δp is the pressure difference between the internal and external environments, ρ 0 is the density of the flow, A is the opening area and C d is the discharge coefficient (measured to be 0.61 AE 5% for these openings through wind tunnel testing of a full-scale model window). The external pressure was deduced from the average of the taps surrounding the window (i.e. taps 12, 26, 27, 11 for the Back face). Q is calculated assuming the flow is approximately turbulent under normal pressures. The error for each ventilation rate is the total from all variables (eqn. (1)) measurement errors. Although uncertainty (varying with conditions) arises from 30-min ventilation calculations rather than using the instantaneous values (Choini ere et al., 1992) , given 30-min averaging is required for the meteorological data, it is deemed appropriate for ventilation calculations.
Results
Observations were taken across a wide range of meteorological Table 1 ) with the prevailing wind direction southwesterly for both the isolated and array cases ( Fig. 3) . Despite the relatively long duration of study, not all wind directions were captured for the isolated cube and array cases (Fig. 3) . The reference flow measurements taken at 6 m and 10 m upstream of the array on the same mast showed good agreement with measurements at the closest UK Met Office station in Cardington (~15 km N) for wind speed and direction (Fig. 1) . The site maximum 30-min mean wind speed at 6 m was 13.1 m s À1 , both this and the minimum wind speed occurred during the array observation period (Fig. 3) . The maximum turbulence intensity is associated with the minimum reference wind speed (U ref ) for the array case (Table 1) . For the isolated cube, the high turbulence intensities occurred when the reference wind direction (θ ref ) was approximately 60 , suggesting that the storage shed may have impacted the reference wind speed measurements (Fig. 1 ). The isolated case experienced higher external temperatures (Table 1) , likely caused by the array shading the instrument (Fig. 1 , channel mast). There were periods where all or some of the instruments were offline due to malfunctions or power cuts: these are removed from the final count in Table 1 .
Flow within the array
Reference wind speeds are often used to predict the local flow within an urban environment and thus the ventilation rate of a building. However, as the urban environment is complex the reference flow may not be representative of the local wind speed and direction. In this section the relation between the reference and local wind speeds for the RCC dataset are explored, to determine if predictable patterns can be identified therefore permitting more accurate wind speed, and thus ventilation rates, estimation.
In this study the front mast ( Fig. 1) is treated as the representative of the local flow which impacts on the instrumented cube and drives ventilation. The front mast is referred to as the local mast. Although for cross ventilation for certain wind directions, the back mast may be more representative of the local driving flow, these wind directions are rare ( Fig. 3 ) and the mast itself is on the edge of the array, with no obstacles either side, so it does not experience flow determined by the array. Fig. 4 shows that when 30-min wind speed averages from the 6 m (reference) and the front (local, 3.5 m) masts are compared, three distinct clusters of points or "behaviours" (a, b and c) can be quantitatively defined by the ratio of U local to U ref : a occurs for ratios greater than 0.4, b for ratios between 0.15 and 0.4 and c occurs for ratios under 0.15. These thresholds were determined by splitting the data into three categories and iterating the threshold values until the R 2 values for a linear regression of U local against U ref for each category (a, b or c) were maximised. Whilst there are trends with wind direction, it is difficult to draw solid conclusions. For example, behaviour a, where the local windspeed is highest, occurs for some periods when θ ref ¼ AE 180 , where the reference flow is impacting on the back of the instrumented cube. Behaviour a also encompasses wind directions of θ ref ¼ AE 90 , where flow is parallel to the array and travels along the streets.
Behaviours b and c occur for overlapping θ ref values and both behaviours occur when θ ref is limited to AE10 from perpendicular across all averaging periods from 1 to 60 min (not shown), suggesting they are not an artefact of the chosen averaging period. The behaviours in Fig. 4 were found to be unrelated to internal-external temperature difference, standard deviation of the reference wind direction, turbulence intensity of Fig. 1 ). The wind components have been rotated into the mean wind direction following the methodology outlined in Wilczak et al. (2001) and Wood et al. (2010) . Stability is defined as z/L where z is measurement height and L is Obukhov length obtained from the 6 m mast (assuming displacement height is negligible). Standard error is given for each. The pattern in Fig. 5 is similar to a comparison of local and reference wind speeds for an urban intersection in the DAPPLE project . Horizontal trends suggest flow is being channelled (e.g. À135 < θ ref < -60 where θ local is approximately À90 or À30 ) whereas vertical trends (e.g. 70 < θ ref < 90 ) indicate where the local mast is being influenced by a highly unsteady wake or potentially, is being influenced by interacting wakes. Oblique trends (e.g. behaviour c for À45 < θ ref < 45 ) suggests wake reflection, where there are low wind speeds present (Fig. 4) . Behaviour a, where local windspeeds are highest, corresponds mostly to channelling flow, whereas lower wind speed behaviours b and c coincide with both wakes and channel flows.
Flow features interacting may also result in flow which is converging (channelling effects) or diverging (wake effects) within the canopy Nelson et al., 2007) . This result suggests that a building array could be split into streets, where the flow is being channelled and intersections, where flow is likely to have intermittent features such as recirculating wakes (Dobre et al., 2005) . The split behaviour seen in this study is dependent on θ ref , therefore knowledge of the relative orientation of a building to the prevailing wind direction could help determine which "regime" is likely for most of the time and thus if wind speeds are moderate or low.
Although some meteorological datasets are freely available for certain sites in the UK (e.g. London Heathrow, Edinburgh), these data may not be applicable for a given site due to distance or a change in terrain. CIBSE (2006) suggest a correction for wind speeds to use these non-local data sets:
where U z is the wind speed at the desired location at height z, U R is the wind speed at the meteorological mast (10 m in this case) and k and a are coefficients which depend on the surrounding terrain (Table 2) . It is important to note that this is a generic equation, which does not account for specific site features or prevailing meteorology. The ability of this equation to provide representative local wind speeds is evaluated with the Silsoe array measurements. The CIBSE wind speed predictions are shown with the observed data in Fig. 6 . Whilst Eq. (2) cannot predict the split in behaviour, the "urban" coefficients provide a good fit to the linear trend within behaviour a and the "city" coefficients fit the linear trend within behaviour b reasonably well. However, the CIBSE predictions do not encompass behaviour c data at all. The "Sheltered City" coefficients (k ¼ 0.03, a ¼ 0.45) of Eq. (2) fits the behaviour c data (Fig. 6 blue) . From Figs. 5 and 3 it is evident that the prevailing wind direction is À30 AE 15 , for which "wake dominant" behaviours b and c are most common. The direction-weighted average of U loc /U 10m ¼ 0.30, compared to the CIBSE "urban" value of 0.48 and "city" value of 0.32. This also indicates that the exposure of the Silsoe building in the array to prevailing winds is relatively sheltered, despite the limited extent of the array.
Cross ventilated natural ventilation variability with wind direction
To remove the bias of wind speed, all ventilation rates (Q) are normalised (Q N ):
by the opening area (A) and U ref . A variety of normalised ventilation rates occurred when the cube was cross ventilated based on 30-min averaged data (Fig. 7) . Cases (~30) with large internal and external temperature differences were removed. Cross ventilation is assumed to be entirely wind driven. The~100 tracer gas experiments undertaken did not sample all wind directions, therefore the relation between tracer gas decay ventilation rate and wind direction could not be determined for both the isolated and array set-ups. Thus, the pressure-based ventilation data set is used. With very large openings ('large' is undefined) the uncertainty of the pressure difference method increases because of the non-uniform distribution of the pressure differences and the velocity profile across the ventilation opening varying with time (Ogink et al., 2013) .
For the isolated cube, the distribution of normalised ventilation rate (Q N ) is unsymmetrical (Fig. 7) , unlike expectations from models (CIBSE, 1997) . This is likely caused by the storage shed ( Fig. 1) when θ ref ¼ 90 and potentially the tanks when θ ref ¼ -90 (Fig. 1) . The woodland would also have an effect for θ ref ¼ 90 to 130 (Fig. 1) . The low Q N values (Q N < 0.2) for θ ref ¼ 0 AE 30 is the result of low surface pressure (Table 2) applied at 10 m as recommended and fitted to behaviour c data ("Sheltered City"). Errors as for Fig. 4 . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) measurements but their cause is currently unknown. Q N is similar for the isolated and array cases when the flow is parallel to the array streets θ ref ¼ AE90 and when the flow approaches from the back of the array (θ ref ¼ 135 -180 and θ ref ¼ À135 -180 ) (Fig. 7) as the back of the instrumented cube is exposed (Fig. 1) . For θ ref ¼ AE90 variation of the wind direction within the 30-min average for the array case causes slight variations between the isolated and array cases (Fig. 7) . Flow is also similar when θ ref ¼ 45 -60 but not for the equivalent negative angles, this is likely due to the arrays asymmetry with less shielding being present on the positive side, meaning some flow directly impacts the instrumented cube.
Sheltering by the array impacts the instrumented cube Q N in an asymmetrical manner with respect to the θ ref (Fig. 7) . Maximum blockage occurs at θ ref ¼ 0 , when Q N is approximately halved compared to the Q N for the isolated cube. The array causes a 50%-90% reduction in ventilation rate when θ ref ¼ 0 . The array case has more scatter with wind direction, probably related to the transient nature of the complex flow features occurring within the array (Fig. 6) .
For both the isolated and array cases there are outliers from the general trend (Fig. 7) . These are not linked to internal-external temperature differences or instrument malfunction. However, there can be variations of up to 1.2 Q N (for θ ref ¼ 0 ), suggesting that the wind driven ventilation increases for short periods of time, dependent on external conditions. Some of this variation can be explained by the split behaviour in wind speeds for θ ref ¼ 0 (Fig. 8) . For U ref < 2 m s À1 all three behaviours result in similar U local magnitudes. However, as U ref increases differences occur, with trend a resulting in greater U local speeds than behaviours b and c (Fig. 4) . Behaviour c causes the lowest U local magnitudes for U ref >2 m s À1 leading to the lowest ventilation rates for θ ref ¼ 0 with outliers being when behaviours a and b occur (Fig. 8) . The difference in Q N between the behaviours at θ ref ¼ 0 is between~-0.1 to 1.4 (Fig. 8) . There is little difference in Q N for all other wind angles as the behaviours occur when the wind is perpendicular or nearly perpendicular to the instrumented cube (Fig. 8 ). This suggests that using predicted CIBSE wind speeds (Urban and City coefficients) to estimate the surface pressure will over-predict ventilation rates as behaviour c is not captured.
Comparing predicted ventilation rate to measured ventilation rate
For cross ventilation, pressure due to the wind (p w ) can be calculated: Fig. 8 . Normalised ventilation rates for the array case (30-min average), stratified by the behaviours in Fig. 4 (colour) . Errors are the same as Fig. 7a . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Fig. 9 . Comparison of the RCC measured cross ventilation (Q measured ) and CIBSE wind speed model (Eq. (2)) with different coefficients (Table 2) where C p is the pressure coefficient and U is a wind speed representative of the flow close to the building, in this case the predicted U local . The pressure difference (Δp) in Eq. (1) can be defined as the difference between the windward (ww) and leeward (lw) face averaged pressures:
Leading to:
When the CIBSE U local with urban coefficients (Eq. (2)) is used to predict the RCC ventilation rates, they are overestimated compared to those measured for the array case (not shown). However, with limited data when θ ref ¼ -45 -45 , there are few behaviour a cases (Fig. 9 ). For behaviour b conditions 'city' coefficients provide an estimate that are closer to the measured values for low ventilation rates (<0.2 m 3 s À1 ) than the urban coefficients. However, it does not capture some of the higher ventilation rates which may be caused by a slight shift in θ ref over the averaging period. The ventilation rates linked to behaviour c wind speed behaviours are not well predicted by either coefficient, as expected from Fig. 6 , because of the direction effects and variation in the flow field around the instrumented cube are unaccounted for in Eq. (2). There is no clear relation between the predicted and measured ventilation rates ( Fig. 9) .
Discussion
The simplified full-scale staggered array in the RCC study, is informative as there are little full-scale data to which pressure measurements can be compared. Comparisons to the available sheltered models (CIBSE, 1997 (CIBSE, , 2006 suggest that the asymmetrical effects were not captured but the values are of the same order of magnitude (Gough, 2017) . Comparison to previous isolated Silsoe cube pressure experiments (e.g. Straw et al., 2000; Richards and Hoxey, 2012) are also possible. When the isolated Silsoe cube had 1 m 2 openings, for the 90 wind direction, the pressure difference ventilation rates were 21% of the tracer gas decay results, as the opening size caused flow to be rapidly flushed from the cube .
Shortcomings of measuring ventilation rates by pressure difference have been highlighted by Demmers et al. (2001) and Samer et al. (2011) . Comparison of the RCC pressure-based to tracer gas decay ventilation rates found poor agreement with a large degree of scatter rather than systematic bias (Gough et al., in review) . It is improved for wind directions when openings lie within the cube wake, or when the cube is located within the array rather than isolated. The Gough et al. (in review) comparison included careful definition of errors based on sensor location, instrumental error and averaging time. The approach taken here, of using many measurements for a given wind direction, is justified given the inherent uncertainty in the pressure method. Further work to investigate the scatter in ventilation estimates includes assessing unsteadiness in both internal and external flow due to the full-scale meteorological conditions, including the "flow switching" behaviour demonstrated here.
The deviation of the ventilation rate of an isolated cube from being symmetrical with wind direction appears to be caused by the sewage tanks (θ ref ¼ À90 to À120 ) and the storage shed (θ ref ¼ 70 -100 ) (Fig. 1) . When θ ref ¼ 90 the front face pressure distribution was similar for the shed and no shed cases (as the flow is parallel) undertaken within the wind tunnel (1:200 model, in preparation) and in CFD models (King et al. 2017a,b) , with the largest reduction in pressure coefficient (0.3) being on the North face. For the array case, the asymmetry of the array is the more dominant effect on the ventilation rate and pressure coefficients, with the influence of the tanks and shed being less. Ventilation rates are dependent on both buoyancy effects and wind-driven processes.
Here, the focus is on wind-driven effects. Flow behaviours in the array are likely to become more complex when surrounding buildings are heated (Kolokotroni et al., 2012) .
Measurement campaigns within an urban area focusing on both surrounding flow patterns and pressure coefficient measurements are rare due to restrictions on sensor placement and difficulty in interpretation the data. Thermal measurement campaigns are more commonly undertaken in the urban area (e.g. Mavrogianni et al., 2011) . The lack of accessible, usable and available weather data caused by differing research objectives for cities (in particular London) has been highlighted by Grimmond (2013) . This lack of measurements within the urban area means that natural ventilation is designed using model data, such as the Design Summer years, the Test Reference Year for temperature by CIBSE (Short et al., 2004) and the London Heathrow dataset. This however may under predict the urban heat island effect and overestimate the wind speeds, due to Eq. (2) not explicitly including roughness lengths of the local surroundings. The data discussed here highlights that for a simplified, limited array of cubes within an urban area, the local wind speed to the test building is overestimated. Clear guidance is required about the geographical region for which each Design Summer Year and various wind speed models should be used, as the choice can have significant design and energy use consequences (Short et al., 2004) .
Conclusions
The specific focus of this paper was to explore the impact of the array on the i) relation between local and reference wind speeds as modified by wind direction and ii) cross ventilation rates. The RCC full-scale data-set encompasses a much wider range of atmospheric conditions than previous studies, hence this paper presents an important contribution to addressing the effects of surrounding buildings on ventilation rate. Results have been reported for a 25.7% packing density full-scale staggered array which extends for three rows.
During the nine months RCC field campaign, a wide range of normalised cross ventilation rates occurred (Fig. 3, Table 1 ). For the isolated cube, maximum Q N occurs, as expected, during perpendicular winds (θ ref ¼ 0 ) with the minimum occurring for parallel cases (θ ref ¼ 90 ). A range in Q N of 0.2 or more is measured for all θ ref directions. Asymmetry is caused by the effects of the storage shed and other site features for the isolated cube, though the asymmetry of the array masks the location based asymmetries (Figs. 1 and 7) .
The array causes a 50%-90% reduction in ventilation rate when θ ref ¼ 0 and the percentage decreases caused by the array varies with reference wind direction (Fig. 7) . This is within the ranges predicted by CIBSE (2006) and van Hooff and Blocken (2010) , 33% and 96% respectively, The limited nature of the RCC array causes little difference in ventilation rate for θ ref ¼ 180 as the back face of the instrumented cube still being exposed on the edge of the array. This is also true for θ ref ¼ 90 where the flow is parallel for both the isolated and array cases. Trends in the ventilation rate measurements for θ ref ¼ 0 AE 45 can be linked to the variations in local wind behaviour.
It is concluded that use of wind speed based ventilation estimates within an urban area without a local wind speed measurement are subject to errors. This is because of the complex behaviour of the local flow within even a simple staggered array (Fig. 6) . CIBSE methods which account for the effect of surroundings on the wind speed do not capture the split windspeed behaviour observed, which may lead to errors in ventilation rate estimates. The spatial scale upon which the flow varies within the array between wake and channelled regimes needs to be quantified, as nearby points may experience very different flow behaviours. However, these differences do not appear to have a great effect on pressure-based ventilation rates, possibly because the flow behaviour directly in front of the front cube face is different to that measured at the local mast ( Figs. 1 and 8) .
The three different behaviours observed between local and reference wind speeds were linked to channelling, wakes and wake reflections. As locations within an array are likely to experience different flow behaviours, a simple parameter to account for the sheltering effect is insufficient. These results suggest that a simple flow model based on wake and channelling flows could be developed, similar to Dobre et al. (2005) . In the future CFD data (e.g. King et al., 2017a, b) could be used to explored to determine if the split behaviour is captured within numerical flow models and if so where it is likely to occur within an array.
Although the mechanisms behind the split behaviour are not yet fully understood, these results suggest that simply treating flow in an urban area as a reduction in wind speeds will lead to inaccurate ventilation rates for some of the time (Fig. 9 ). This effect is hypothesized to vary for each location as a function of packing density and geometric details. Beyond wind speed, local wind direction needs to be considered concurrently as flow may be reversed compared to the reference flow (Fig. 4) . Although of limited extent, it is likely that this behaviour will be observed for other layouts where the array elements are close enough to interact.
